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Abstract
A collision of a light meson and a charmonium produces quarks and antiquarks
first, then the charm quark fragments into a charmed hadron, and finally three
or more mesons are produced. This is the mechanism that we consider and pro-
pose to understand the prompt-J/ψ nuclear modification factor in the range of J/ψ
transverse momentum from 10 GeV/c to 18 GeV/c, as measured by the CMS Col-
laboration and the ATLAS Collaboration. Unpolarized cross sections are derived
and calculated for the reactions pi+charmonium→ Hc+X with Hc being D+, D0,
D+s , D
∗+, or D∗0. Numerical cross sections are parametrized and used to calculate
the dissociation rate of charmonium in the interaction with pions in hadronic mat-
ter. The momentum dependence of the rate obtained is so as to lead to a decreasing
charmonium nuclear modification factor with increasing transverse momentum.
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1. Introduction
Even though no hadronic meson beam collision experiments are possible, theoretical
efforts to understand hadron-charmonium collisions have been made. With the idea that
a gluon with an energy larger than the binding energy of a heavy quarkonium breaks the
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quarkonium, the short-distance approach [1–3] gives very small hadron-quarkonium cross
sections near the threshold energy and increasing cross section at large center-of-mass
energy
√
s of the hadron and the quarkonium. This approach does not specify what are
the final hadrons formed in the breakup of the heavy quarkonium.
Through exchange of charmed mesons a light hadron breaks J/ψ. In the meson-
exchange approach [4–10] the cross section for any endothermic reaction increases rapidly
as
√
s increases from the threshold energy. Haglin and Gale showed that the π + J/ψ
(ρ+J/ψ) total inelastic cross section would reach an extremely large value of roughly 100
mb (200 mb) at
√
s = 6 GeV. Similar large cross sections have been reported by Oh, Song
and Lee. The incorrect magnitude of cross sections comes from pointlike hadron vertices
between which the exchange of heavy mesons leads to an interaction too short-ranged
to allow the interacting particles to initiate the required J/ψ dissociation reactions. To
get reasonable cross sections and to justify the meson-exchange approach, hadronic form
factors are inserted in three-meson and four-meson vertices. When the center-of-mass
energy of the hadron and J/ψ rises far away from threshold, the increase or decrease
of the cross section depends on the choice of the form factors. At present, the meson-
exchange approach deals with only 2-to-2 hadron-J/ψ reactions.
We may use quark potential models in the Born approximation to study hadron-
charmonium dissociation which is governed by interchange of the quark in the hadron
and the charm quark in the charmonium [11–15]. It is concluded in the quark-interchange
approach that the dissociation cross section increases rapidly from 0 for an endothermic
reaction or decreases rapidly from infinity for an exothermic reaction while
√
s increases
from the threshold energy. No matter which reaction is relevant, endothermic or exother-
mic, the cross section is very small when
√
s is larger than the threshold energy plus
1 GeV. Now we raise the question, do the quark potential models really give the very
small cross sections at large
√
s? The answer is no, but we mention that the quark-
interchange mechanism leads to the 2-to-2 hadron-charmonium reactions with the above
results. Therefore, we need to think about a new mechanism that provides appreciable
hadron-charmonium dissociation cross sections at large
√
s. This is the subject of the
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present work.
Charmonium dissociation causes the nuclear modification of charmonia. The change
of the nuclear modification of J/ψ as a function of its transverse momentum pT is very
interesting in relativistic heavy-ion collisions. For nucleus-nucleus collisions at
√
sNN =
200 GeV the prompt-J/ψ transverse momentum measured by the PHENIX Collaboration
[16] and the STAR Collaboration [17] is well below 10 GeV/c. For Pb-Pb collisions
at the Large Hadron Collider (LHC) the prompt-J/ψ transverse momentum measured
by the CMS Collaboration at
√
sNN = 2.76 TeV [18] and the ATLAS Collaboration at
√
sNN = 5.02 TeV [19] can be beyond 10 GeV/c. Both data show a suppression pattern of
the prompt J/ψ. The pT dependence of the ATLAS data is that the nuclear modification
factor stays unchanged from 10 GeV/c to 18 GeV/c and increases slowly from 18 GeV/c to
40 GeV/c. The contribution of the nuclear absorption to the nuclear modification factor
is expected to be negligible due to the very small cc¯ size produced in a parton-parton
collision and the very short crossing time of the cc¯ pair through colliding nuclei at the LHC.
The meson-charmonium dissociation induced by quark interchange in hadronic matter is
completely negligible in the suppression of J/ψ with a momentum beyond 10 GeV/c [20].
Recombination of charm quarks and charm antiquarks in a quark-gluon plasma does not
contribute to the nuclear modification factor beyond 10 GeV/c [21,22]. The J/ψ nuclear
modification at such large transverse momenta are caused by other factors, for example,
nuclear parton shadowing in the colliding nuclei [23–25], J/ψ dissociation in collisions
with gluons in the quark-gluon plasma [2,26,27], decreasing dissociation temperature with
increasing J/ψ velocity [28], and radiative energy loss of a gluon traveling through the
plasma before gluon fragmentation into a J/ψ meson. Yet, dilating formation time of J/ψ
with increasing momentum observed in the plasma rest frame reduces the J/ψ suppression
[21]. We denote by R′AA the nuclear modification factor resulting from the above factors
together with the formation-time effect. For the J/ψ meson with a momentum larger
than 10 GeV/c, in the present work, we consider that three or more mesons are produced
in the collision of a light meson and a charmonium. One of the produced mesons is a
charmed meson. We estimate cross sections for π+J/ψ → Hc+X with Hc being D+, D0,
3
D+s , D
∗+, or D∗0 and X representing two or more mesons, and calculate the dissociation
rate of J/ψ in the interaction with π in hadronic matter. The J/ψ meson with the
momentum 20 GeV/c has the dissociation rate 0.0108 c/fm at a temperature of 0.95 times
the critical temperature Tc. If the lifetime of hadronic matter in longitudinal expansion
with a freeze-out temperature of 0.7Tc is 5-10 fm/c, inclusion of the π+J/ψ reaction leads
to the nuclear modification factor which is 0.973-0.946 times R′AA. Therefore, the meson-
charmonium dissociation mechanism proposed here is a source for the J/ψ suppression
at momenta beyond 10 GeV/c. This is in contrast to the quark-interchange mechanism
which produces two charmed mesons in meson-charmonium dissociation and works well
for low-momentum charmonia [11–15].
In Section 2 the mechanism is given and relevant formulas are presented. In Section 3
we show π-charmonium dissociation cross sections generated by the mechanism and the
dissociation rate of the charmonium in the interaction with the pion in hadronic matter.
Relevant discussions are given. Section 4 contains the summary.
2. Formulas
We consider the reaction A(qq¯) +B(cc¯)→ q+ q¯+ c+ c¯→ Hc+X , which means that
a collision of meson A and meson B produces quarks and antiquarks (q, q¯, c, and c¯), the
charm quark fragments into hadron Hc, and q, q¯, and c¯ give rise to two or more mesons.
The symbol X actually represents two or more mesons of which one meson contains c¯.
The reaction breaks the charmonium, i.e., meson B. The differential cross section for the
reaction is
dσ =
(2π)4|Mfi|2
4
√
(PA · PB)2 −m2Am2B
d3p′q
(2π)32E ′q
d3p′q¯
(2π)32E ′q¯
d3p′c
(2π)32E ′c
d3p′c¯
(2π)32E ′c¯
×dzDHcc (z, µ2)δ4(PA + PB − p′q − p′q¯ − p′c − p′c¯), (1)
where p′i = (E
′
i, ~p
′
i ) (i = q, q¯, c, c¯) are the four-momenta of q, q¯, c, and c¯; mA (mB) and
PA (PB) are the mass and four-momentum of meson A (B), respectively; D
Hc
c (z, µ
2) is
the c→ Hc fragmentation function at the factorization scale µ; z is the fraction of energy
passed on from quark c to hadron Hc; Mfi is the transition amplitude for A + B →
4
q + q¯ + c+ c¯.
With the Mandelstam variable s = (PA + PB)
2, integration over ~p ′q¯ and |~p ′q | yields
dσ =
1
32(2π)8
√
[s− (mA +mB)2][s− (mA −mB)2]
dΩ′q
d3p′c
E ′c
d3p′c¯
E ′c¯
×dzDHcc (z, µ2)
|~p ′q |20|Mfi|2∣∣∣|~p ′q |0E ′q¯ + (|~p ′q |0 − |~PA + ~PB − ~p ′c − ~p ′c¯ | cosΘ)E ′q∣∣∣ , (2)
where Θ is the angle between ~p ′q and
~PA + ~PB − ~p ′c − ~p ′c¯ , and dΩ′q is the solid angle
centered about the direction of ~p ′q . |~p ′q |0 is determined by the energy conservation,
EA + EB −E ′q −E ′q¯ −E ′c − E ′c¯ = 0, (3)
where EA and EB are the energies of mesons A and B, respectively.
We calculate the cross section in the center-of-momentum frame of mesons A and B.
Denote the maxima of |~p ′c | and |~p ′c¯ | by p′cmax and p′c¯max, respectively. We obtain p′cmax and
p′c¯max by setting ~p
′
q = ~p
′
q¯ = 0, and they satisfy
√
s =
√
m2c + p
′2
cmax +
√
m2c¯ + p
′2
c¯max +mq +mq¯, (4)
where mi (i = q, q¯, c, c¯) are the masses of q, q¯, c, and c¯. The maxima are
p′c¯max = p
′
cmax =
1
2(
√
s−mq −mq¯) [(
√
s−mq −mq¯ −mc −mc¯)
(
√
s−mq −mq¯ +mc −mc¯)(
√
s−mq −mq¯ −mc +mc¯)
(
√
s−mq −mq¯ +mc +mc¯)] 12 . (5)
Denote the minimum of |~p ′c | by p′cmin. The fragmentation of the charm quark into hadron
Hc requires
√
m2c + p
′2
cmin = mHc , which gives
p′cmin =
√
m2Hc −m2c , (6)
where mHc is the mass of hadron Hc.
The cross section for A(qq¯) +B(cc¯)→ q + q¯ + c+ c¯→ Hc +X via c→ Hc is
σ(
√
s, T ) =
1
32(2π)8
√
[s− (mA +mB)2][s− (mA −mB)2]
∫
dΩ′q
∫ p′cmax
p′
cmin
d3p′c
E ′c
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×
∫ p′c¯max
0
d3p′c¯
E ′c¯
∫ 1
mHc/E
′
c
dzDHcc (z, µ
2)
× |~p
′
q |20|Mfi|2∣∣∣|~p ′q |0E ′q¯ + (|~p ′q |0 − |~PA + ~PB − ~p ′c − ~p ′c¯ | cosΘ)E ′q∣∣∣ . (7)
In Eq. (7) the transition amplitude is given by
Mfi =
√
2EA2EB2E ′q2E
′
q¯2E ′c2E
′
c¯
×
[
Vqc¯( ~Q)ψA(~p
′
qq¯ −
mq¯
mq +mq¯
~Q)ψB(~p
′
cc¯ −
mc
mc +mc¯
~Q)
+Vq¯c( ~Q)ψA(~p
′
qq¯ +
mq
mq +mq¯
~Q)ψB(~p
′
cc¯ +
mc¯
mc +mc¯
~Q)
+Vqc( ~Q)ψA(~p
′
qq¯ −
mq¯
mq +mq¯
~Q)ψB(~p
′
cc¯ +
mc¯
mc +mc¯
~Q)
+Vq¯c¯( ~Q)ψA(~p
′
qq¯ +
mq
mq +mq¯
~Q)ψB(~p
′
cc¯ −
mc
mc +mc¯
~Q)
]
, (8)
where ~Q is the gluon three-dimensional momentum; ~p ′ij (i, j = q, q¯, c, c¯) is the relative
quark momentum; ψA (ψB) represents the product of color, spin, flavor, and relative-
motion wave functions of the quark and antiquark inside meson A (B), and satisfies∫ d3pqq¯
(2pi)3
ψ+A(~pqq¯)ψA(~pqq¯) =
∫
d3pcc¯
(2pi)3
ψ+B(~pcc¯)ψB(~pcc¯) = 1, where ~pqq¯ (~pcc¯) is the relative momen-
tum of the quark and antiquark inside meson A (B).
The fragmentation functions are solutions of the Dokshitzer-Gribov-Lipatov-Altarelli-
Paris (DGLAP) evolution equations [29]. The starting point µ0 for the DGLAP evolution
in the factorization scale µ is taken to be the charm quark mass, i.e., µ0 = mc. The
charm-quark fragmentation functions at µ0 are given in Ref. [30] at next-to-leading order
in the modified minimal-subtraction factorization scheme by fitting the e+e− data taken
by the OPAL Collaboration at the CERN Large Electron-Positron Collider:
DD
+
c (z, µ
2
0) = 0.266
z(1 − z)2
[(1− z)2 + 0.108z]2 , (9)
DD
0
c (z, µ
2
0) = 0.781
z(1 − z)2
[(1− z)2 + 0.119z]2 , (10)
DD
+
s
c (z, µ
2
0) = 0.0381
z(1− z)2
[(1− z)2 + 0.0269z]2 , (11)
DD
∗+
c (z, µ
2
0) = 0.192
z(1 − z)2
[(1− z)2 + 0.0665z]2 . (12)
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As in Ref. [29] we set µ =
√
s. The fragmentation functions are assumed to be universal
and are thus used in hadron-charmonium reactions.
Denote the orbital angular momentum and the spin of meson A (B) by LA (LB) and
SA (SB), respectively. Let LBz be the magnetic projection quantum number of LB. The
unpolarized cross section is
σunpol(
√
s, T ) =
1
(2SA + 1)(2SB + 1)(2LB + 1)
∑
LBzSSq+q¯Sc+c¯
(2S + 1)σ(
√
s, T ), (13)
which holds true for the three cases: LA = 0, LB = 0; LA = 0, LB 6= 0, SA = 0;
LA = 0, LB = 1, SA = 1, SB = 1. The total spin S of mesons A and B satisfies
|SA−SB| ≤ S ≤ SA+ SB and |Sq+q¯ −Sc+c¯| ≤ S ≤ |Sq+q¯ + Sc+c¯|, where Sq+q¯ (Sc+c¯) is the
total spin of q and q¯ (c and c¯).
The potential Vab used in the transition amplitude is the Fourier transform of the
following potential in coordinate space [14],
Vab(~r) = Vsi(~r) + Vss(~r), (14)
where ~r is the relative coordinate of constituents a and b, Vsi the central spin-independent
potential, and Vss the spin-spin interaction. The spin-independent potential depends on
temperature T and below the critical temperature Tc = 0.175 GeV is given by
Vsi(~r) = −
~λa
2
·
~λb
2
3
4
D
[
1.3−
(
T
Tc
)4]
tanh(Ar) +
~λa
2
·
~λb
2
6π
25
v(λr)
r
exp(−Er), (15)
where D = 0.7 GeV, A = 1.5[0.75 + 0.25(T/Tc)
10]6 GeV, E = 0.6 GeV, and λ =√
3b0/16π2α′ in which α
′ = 1.04 GeV−2 and b0 = 11− 23Nf with the quark flavor number
Nf = 4. ~λa are the Gell-Mann matrices for the color generators of constituent quark or an-
tiquark labeled as a. The dimensionless function v(x) is given by Buchmu¨ller and Tye [31].
The short-distance part of the spin-independent potential originates from one-gluon ex-
change plus perturbative one- and two-loop corrections. The intermediate-distance and
large-distance part of the spin-independent potential fits well the numerical potential
which was obtained in the lattice gauge calculations [32] and was assumed to be the free
energy. At large distances the spin-independent potential is independent of the relative
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coordinate and obviously exhibits a plateau at T/Tc > 0.55. The plateau height decreases
with increasing temperature. This means that confinement becomes weaker and weaker.
In this paragraph we mention six references which show that the quark-antiquark
free energy can not be taken as the quark-antiquark potential when the temperature
is above the critical temperature. The quark-antiquark free energy FQQ¯ is defined as
the quark-antiquark internal energy UQQ¯ minus the product of the temperature and the
quark-antiquark entropy SQQ¯. The internal energy of a quark and an antiquark at rest
is the quark-antiquark potential. The free energy of a heavy quark-antiquark pair is re-
lated to the Polyakov loop correlation functions and can be obtained from lattice gauge
calculations. It is real! Since the lattice calculations provide the internal energy U(T, r)
that includes the internal energy of the heavy quark-antiquark pair and the gluon internal
energy difference Ug(T, r) − Ug0(T ) where Ug(T, r) and Ug0(T ) correspond to the gluon
internal energies in the presence and the absence of the heavy quark-antiquark pair, re-
spectively, it was proposed by Wong [33] that the heavy quark-antiquark potential should
be U(T, r) − [Ug(T, r) − Ug0(T )] and may be taken as a linear combination of FQQ¯ and
U(T, r). Authors in Ref. [34] have derived a static quark-antiquark potential in a decon-
fined medium by defining a suitable gauge-invariant Green’s function and computing it to
first non-trivial order in Hard Thermal Loop resummed perturbation theory. The poten-
tial consists of a real part and an imaginary part. Authors in Ref. [35] have also derived
a static quark-antiquark potental in the deconfined medium in potential nonrelativistic
QCD. The potential has various expressions that depend on the relation among the tem-
perature, the Debye mass, and the inverse of the quark-antiquark distance. Authors in
Refs. [36–38] have obtained a quark-antiquark potential from the spectral function of the
thermal Wilson loop in Coulomb gauge in dynamical lattice QCD with u, d, and s flavors.
The imaginary part of the potential is comparable with the result of the Hard Thermal
Loop resummed perturbation theory.
In this paragraph we mention two references which show that the quark-antiquark
free energy can be taken as the quark-antiquark potential when the temperature is above
the critical temperature. Using the free energy from lattice calculations as the potential
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of a charm quark and a charm antiquark in the Schro¨dinger equation correctly describes
the nonrelativistic J/ψ wave function and reproduces the J/ψ mass from the QCD sum
rule in the vicinity of the critical temperature [39]. The entropic force is the derivative of
the entropy with respect to the quark-antiquark distance when the temperature is fixed.
The stronger increase of the internal energy with increasing quark-antiquark distance is
compensated by an equally strong contribution from the repulsive entropic force. Thus,
it is suggested by Satz that the potential is the free energy [40].
In this paragraph we indicate that the quark-antiquark free energy can be taken as
the quark-antiquark potential when the temperature is below the critical temperature.
Let the quark-antiquark potential obtained from the spectral function of the thermal
Wilson loop be compared to the quark-antiquark free energy. It has been realized that
the real part of the potential is close to the free energy at T < Tc and the imaginary
part is negligible [36, 37, 41, 42]. In hadronic matter TSQQ¯ is quite small in comparison
with the free energy, and the quark-antiquark internal energy, i.e., the potential, then
approximately equals the free energy [43].
Denote by ~sa the spin of constituent a. The spin-spin interaction with relativistic
effects [44, 45] is [14, 46]
Vss(~r) = −
~λa
2
·
~λb
2
16π2
25
d3
π3/2
exp(−d2r2)~sa · ~sb
mamb
+
~λa
2
·
~λb
2
4π
25
1
r
d2v(λr)
dr2
~sa · ~sb
mamb
, (16)
of which the flavor dependence is relevant to quark masses as shown in 1/mamb and d,
d2 = σ20
[
1
2
+
1
2
(
4mamb
(ma +mb)2
)4]
+ σ21
(
2mamb
ma +mb
)2
, (17)
where σ0 = 0.15 GeV and σ1 = 0.705.
Solving the Schro¨dinger equation with the central spin-independent potential plus the
spin-spin interaction, we obtain meson masses and quark-antiquark relative-motion wave
functions with the charm-quark mass, the up-quark mass, and the strange-quark mass
being 1.51 GeV, 0.32 GeV, and 0.5 GeV, respectively. The experimental masses of π, ρ,
K, K∗, η, φ, J/ψ, ψ′, χc, D, D
∗, Ds, and D
∗
s mesons [47] and the experimental data of
S-wave I = 2 elastic phase shifts for ππ scattering in vacuum [48] are reproduced with
Vab(~r) at T = 0 and the quark-antiquark relative-motion wave functions.
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In the mechanism shown above we assume that the interactions among q, q¯, c, and c¯
are neglected, and the fragmentation of the charm quark into hadrons is related to quark-
antiquark pairs created from the color field around the charm quark, which is similar to
the scenario of Feynman and Field [49]. We do not address how the mesons represented
by X are formed, and also neglect any temperature dependence of the fragmentation.
3. Numerical results and discussions
We consider the charmonium dissociation π + J/ψ → Hc + X , π + ψ′ → Hc + X ,
and π + χc → Hc + X with Hc = D+, D0, D+s , D∗+, or D∗0. This amounts to 15
reaction channels. We solve the Schro¨dinger equation with the potential in Eq. (14)
to get temperature-dependent quark-antiquark relative-motion wave functions of π, J/ψ,
ψ′, and χc, calculate the transition amplitude with the wave functions and the potential,
and obtain unpolarized cross sections from the transition amplitude and the charm-quark
fragmentation functions provided in Ref. [30]. The unpolarized cross sections for π +
J/ψ → Hc +X at the temperatures T/Tc = 0, 0.65, 0.75, 0.85, 0.9, and 0.95 are shown
in Figs. 1-4. Because the D∗0 fragmentation function is unknown, we assume that it is
the same as the D∗+ fragmentation function. The cross section for π + J/ψ → D∗0 +X
then equals the cross section for π + J/ψ → D∗+ +X and is not shown.
All the reactions are endothermic as shown in Figs. 1-4. When the difference between
√
s and the threshold energy is less than 1 GeV, the unpolarized cross section is negligi-
ble. With increasing
√
s the cross section increases slowly. At a given temperature and
difference between
√
s and the threshold energy, the cross section for the production of
D0 is largest, the cross section for the production of D+s is smallest, and the cross section
for π + ψ′ → Hc +X or π + χc → Hc +X is larger than the one for π + J/ψ → Hc +X .
Since the cross-section curves for π + ψ′ → Hc +X and π + χc → Hc +X look similar to
the ones for π + J/ψ → Hc +X , the former are not shown here.
In Eq. (7) the integration over | ~p ′c | (| ~p ′c¯ |) has the lower limit p′cmin (0) and
the upper limit p′cmax (p
′
c¯max). p
′
cmin given in Eq. (6) is independent of
√
s. While
√
s
increases, p′cmax and p
′
c¯max given in Eq. (5) increase. Hence, the phase space of the
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produced charm quark and the produced charm antiquark in A + B → q + q¯ + c + c¯
becomes larger and larger. While
√
s increases,
√
EAEB in Eq. (8) also increases, but
the factor 1/
√
[s− (mA +mB)2][s− (mA −mB)2] in Eq. (7) decreases. Therefore, while
√
s increases from the threshold energy, the cross section increases first, then reaches a
maximum, and eventually decreases slowly.
In vacuum the central spin-independent potential is given by the Buchmu¨ller-Tye
potential,
VBT(~r) = −
~λa
2
·
~λb
2
3
4
kr +
~λa
2
·
~λb
2
6π
25
v(λr)
r
, (18)
with k = 1/(2πα′). The quark potential in vacuum is
Vvac(~r) = VBT(~r) + Vss(~r). (19)
Using the potential Vvac(~r) in the transition amplitude, we get numerical unpolarized cross
sections by Eq. (13). Dotted curves in Fig. 8 show the cross sections for π+J/ψ → Hc+X
which are compared with the solid curves that stand for the unpolarized cross sections
corresponding to the potential in Eq. (14) at T = 0. The four solid curves in Fig. 8 are
actually the four solid curves in Figs. 1-4. The dotted curves are quite close to the solid
curves. The situation is similar with respect to the cross sections for π + ψ′ → Hc + X
and π + χc → Hc + X , which are not shown. Thus, the cross sections corresponding to
the quark potential in vacuum are quite close to the ones corresponding to the potential
in Eq. (14) at T = 0. Combining Fig. 8 with Figs. 1-4, every cross-section curve at
a nonzero temperature in Figs. 1-4 should intersect a dotted curve in Fig. 8 at a value
of
√
s. Below this value the cross section related to Eq. (14) is larger than the cross
section related to Eq. (19) while above this value the former is smaller than the latter.
At
√
s = 7 GeV (11 GeV) the cross section for π + J/ψ → D+ +X , π + J/ψ → D0 +X ,
π+ J/ψ→ D+s +X , and π+ J/ψ → D∗++X at T/Tc = 0.95 is 1.97, 1.94, 1.54, and 3.17
(0.77, 0.79, 0.68, and 0.75) times the cross section corresponding to the quark potential
in vacuum, respectively. The medium effect on the reactions is obvious at T/Tc = 0.95.
A cross section of about 1 mb for π+ J/ψ dissociation at
√
s = 10 GeV was obtained
in the short-distance approach [3]. The usual monopole form with a cutoff parameter
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is taken as the form factor inserted in three-meson vertices, and the product of two
monopole forms is taken as the form factor inserted in four-meson vertices in the meson-
exchange approach. Starting from an effective meson Lagrangian, a cross section of about
3.6 mb for π + J/ψ dissociation at
√
s = 5 GeV is given in Ref. [6] with the cutoff
parameter 1 GeV. Adding anomalous parity terms to the Lagrangian, a cross section
of about 6.4 mb at
√
s = 5 GeV is given in Ref. [7]. While mesonic form factors were
calculated from the underlying quark structure, J/ψ dissociation in collisions with π and ρ
mesons were studied in Ref. [10] in an extended Nambu-Jona-Lasinio model. The π+J/ψ
dissociation cross section has a peak value of about 0.83 mb near the threshold energy
of π + J/ψ dissociation. In the quark-interchange mechanism and in the quark model
that possesses the color Coulomb, spin-spin hyperfine, and linear confining interactions,
the cross section obtained in Ref. [13] has a peak value of 1.41 mb near threshold. The
five values (1 mb, 3.6 mb, 6.4 mb, 0.83 mb, and 1.41 mb) characterize the π + J/ψ
dissociation cross sections obtained in the short-distance approach, in the meson-exchange
approach, and in the quark-interchange approach. In the present work the cross section
for πJ/ψ → D+X +D0X +D+s X +D∗+X +D∗0X is, for example, 1.46 mb at
√
s = 10
GeV corresponding to the potential in Eq. (14) at T = 0, or 1.49 mb corresponding
to the potential in Eq. (19). The two values, 1.46 mb and 1.49 mb, are comparable to
the above five values. Therefore, the cross section for π + J/ψ dissociation due to the
present mechanism is not very small at large
√
s, but depends on the selection among
quark potential models.
For the convenient use of the unpolarized cross sections shown in Figs. 1-4, they are
parametrized as
σunpol(
√
s, T ) = a1
(√
s−√s0
b1
)c1
exp
[
c1
(
1−
√
s−√s0
b1
)]
+a2
(√
s−√s0
b2
)c2
exp
[
c2
(
1−
√
s−√s0
b2
)]
, (20)
where
√
s0 is the threshold energy and equals the sum of the Hc mass, the D¯ mass, and
2 times the up-quark mass. The values of the parameters, a1, b1, c1, a2, b2, and c2, are
listed in Tables 1-3. The parametrization as a function of
√
s at a given temperature
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has a peak. In the three tables we also give the quantities d0 and
√
sz, where d0 is the
separation between the peak’s location on the
√
s-axis and the threshold energy, and
√
sz
is the square root of the Mandelstam variable at which the cross section is 1/100 of the
peak cross section. We note that Eq. (20) is valid for
√
s0 ≤
√
s ≤ 11 GeV.
Having obtained the unpolarized cross sections for the 15 reaction channels, we need to
evaluate their influence on the charmonium nuclear modification factor. We thus calculate
the dissociation rate of charmonium in the interaction with a pion in hadronic matter,
npi〈vrelσunpol〉 = 3
4π2
∫
∞
0
∫ 1
−1
d|~k|d cos θ~k2vrelσunpolf(~k), (21)
where npi is the π number density, vrel is the relative velocity of the pion and the charmo-
nium, θ is the angle between the π momentum ~k and the charmonium momentum, f(~k)
is the Bose-Einstein distribution that pions obey, and the thermal average < vrelσ
unpol >
is obtained from f(~k) [15]. The dissociation rates are plotted in Figs. 5-7 as functions of
charmonium momentum. The rate shown in Fig. 5 is obtained from the sum of the cross
sections for π+J/ψ → D++X , π+J/ψ → D0+X , π+J/ψ → D+s +X , π+J/ψ → D∗++X ,
and π+J/ψ → D∗0+X . The rate shown in Fig. 6 (7) is obtained from the cross section for
πψ′ → D+X+D0X+D+s X+D∗+X+D∗0X (πχc → D+X+D0X+D+s X+D∗+X+D∗0X).
Given a charmonium momentum the rate increases with increasing temperature. Given a
temperature the rate increases with increasing charmonium momentum. At T/Tc = 0.95
the rate is about 0.0108 c/fm, 0.0142 c/fm, and 0.0149 c/fm for the π+ J/ψ, π+ ψ′, and
π+χc reactions, respectively, when the charmonium momentum is 20 GeV/c. Because the
nuclear modification factor is the inverse of the exponential function of the dissociation
rate [46], the reactions give a decreasing charmonium nuclear modification factor with
increasing transverse momentum. This is in sharp contrast with the increasing nuclear
modification factor due to nuclear shadowing. Decreasing nuclear modification factors are
also caused by other factors, for example, decreasing dissociation temperature with in-
creasing J/ψ velocity [28] and radiative energy loss of a gluon before gluon fragmentation
into a J/ψ meson.
The relative velocity depends on the pion and charmonium masses. Since the ψ′ mass
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is very close to the χc mass for 0.6 ≤ T/Tc < 1 [14], the relative velocity of π and ψ′
is almost the same as the one of π and χc. The cross sections for π + ψ
′ → D+ + X ,
π+ψ′ → D0+X , π+ψ′ → D+s +X , π+ψ′ → D∗++X , and π+ψ′ → D∗0+X are close to
those for π+χc → D++X , π+χc → D0+X , π+χc → D+s +X , π+χc → D∗++X , and
π + χc → D∗0 +X , respectively. To account for this, in Table 4 we show the ratio of the
difference of the cross section for π+ψ′ → D++X (π+ψ′ → D0+X , π+ψ′ → D+s +X ,
π+ψ′ → D∗++X , π+ψ′ → D∗0+X) and the one for π+χc → D++X (π+χc → D0+X ,
π+χc → D+s +X , π+χc → D∗++X , π+χc → D∗0+X) at
√
s = 9 GeV to the former.
The absolute values of the ratios are less than 0.25 or even close to 0. According to
Eq. (21), the dissociation rate of ψ′ in the interaction with the pion is similar to the
dissociation rate of χc.
The meson masses and quark-antiquark relative-motion wave functions determined
by the Schro¨dinger equation with the potential in Eq. (14) depend on temperature.
Consequently, p′cmin given in Eq. (6), | ~p ′q |0 determined by Eq. (3), and the transition
amplitude Mfi depend on temperature. The cross section given by Eq. (7) may not
result in a monotonously increasing or decreasing function of temperature. However, the
dissociation rate at a given
√
s is a monotonously increasing function of temperature.
The reason is as follows. With increasing temperature the meson masses decrease [14],
the pion distribution function thus increases, and the relative velocity of the pion and
the charmonium increases as well. Because the dissociation rate is proportional to the
relative velocity and the pion distribution function, the rate increases with increasing
temperature.
The potential in Eq. (14) is valid at T < Tc. Solving the Schro¨dinger equation with the
potential, we find that J/ψ, ψ′, χc(1P ), and χc(2P ) are not dissolved in hadronic matter.
Similar to Refs. [31] and [45], the experimentally observed states, ψ(4160) and ψ(4415),
can be individually interpreted as the 33S1 and 4
3S1 states that satisfy the Schro¨dinger
equation. When the temperature is larger than 0.97Tc and 0.87Tc, respectively, ψ(4160)
and ψ(4415) are dissolved.
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4. Summary
We have presented a mechanism for large-momentum charmonium dissociation. In
this mechanism the collision between a light meson and a charmonium produces two
quarks and two antiquarks; the charm quark fragments into a charmed meson, and the
other three constituents give rise to two or more mesons. The cross section for the re-
action obeying the mechanism is derived from the transition amplitude and is calculated
from the temperature-dependent quark potential. The temperature dependence of the
potential, the meson masses, and the mesonic quark-antiquark relative-motion wave func-
tions lead to the temperature dependence of the cross section. From the cross section the
dissociation rate of charmonium in the interaction with pions increases with increasing
temperature and/or increasing charmonium momentum, and reaches 0.0108 c/fm, 0.0142
c/fm, and 0.0149 c/fm for the π + J/ψ, π + ψ′, and π + χc reactions, respectively, at
T/Tc = 0.95 and at the momentum 20 GeV/c. These rates are small, but already non-
negligible. In future work we will include collisions of charmonia with K, η, ρ,K∗ and
φ mesons. The mechanism for large-momentum charmonium dissociation is in contrast
to the quark-interchange mechanism for low-momentum charmonium dissociation. The
decreasing nuclear modification factor of the prompt J/ψ with increasing momentum is
caused not only by πJ/ψ → D+X + D0X + D+s X + D∗+X + D∗0X , but also by other
factors, for example, decreasing dissociation temperature with increasing J/ψ velocity [28]
and radiative energy loss of a gluon before gluon fragmentation into a J/ψ meson.
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Figure 1: Cross sections for π + J/ψ → D+ +X at various temperatures.
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Figure 2: Cross sections for π + J/ψ → D0 +X at various temperatures.
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Figure 3: Cross sections for π + J/ψ → D+s +X at various temperatures.
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Figure 4: Cross sections for π + J/ψ → D∗+ +X at various temperatures.
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Figure 5: Dissociation rate of J/ψ with π versus J/ψ momentum at various temperatures.
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Figure 6: Dissociation rate of ψ′ with π versus ψ′ momentum at various temperatures.
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Figure 7: Dissociation rate of χc with π versus χc momentum at various temperatures.
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Figure 8: Solid and dotted curves stand for the unpolarized cross sections corresponding
to Eqs. (14) and (19), respectively. Left (right) panel: the upper and lower pairs of curves
correspond to π + J/ψ → D+ + X and π + J/ψ → D+s + X (π + J/ψ → D0 + X and
π + J/ψ → D∗+ +X), respectively.
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Table 1: Quantities relevant to the cross sections for the πJ/ψ dissociation reactions.
a1 and a2 are in units of mb; b1, b2, d0, and
√
sz are in units of GeV; c1 and c2 are
dimensionless.
Reactions T/Tc a1 b1 c1 a2 b2 c2 d0
√
sz
π + J/ψ → D+ +X 0 0.02 2.8 4.9 0.26 7.4 4.7 7.36 27.43
0.65 0.01 2.7 4.8 0.26 7.4 4 7.38 29.19
0.75 0.01 2.5 5.9 0.25 7.3 3.8 7.29 29.39
0.85 0.021 2.9 4.6 0.24 7.4 3.9 7.33 29.26
0.9 0.07 3.7 4.1 0.21 8.5 4.6 7.87 30.53
0.95 0.04 2.7 4.5 0.2 7.2 3.8 7.05 28.54
π + J/ψ → D0 +X 0 0.015 2.16 6.3 0.69 7.68 3.9 7.68 30.54
0.65 0.03 2.7 5.2 0.68 7.6 4 7.59 29.86
0.75 0.06 3.2 4.6 0.67 7.9 4 7.81 30.77
0.85 0.028 2.5 6.4 0.61 7.2 3.6 7.19 29.59
0.9 0.064 2.93 4.5 0.57 7.38 3.8 7.27 29.38
0.95 0.08 2.5 4.7 0.53 6.9 3.9 6.83 27.22
π + J/ψ → D+s +X 0 0.02 3.5 4.7 0.15 6.9 4.1 6.61 27.34
0.65 0.02 2.7 5.2 0.15 6.1 4.9 5.98 22.99
0.75 0.05 4 4.5 0.12 7.5 3.9 6.22 29.36
0.85 0.018 3.1 6.5 0.132 6.2 3.9 5.98 25.25
0.9 0.04 3.5 5.3 0.11 6.8 4.5 5.93 25.47
0.95 0.05 3.3 5.3 0.1 7.1 4.9 6.11 25.41
π + J/ψ → D∗+ +X 0 0.027 3.5 4.9 0.31 7.5 5.3 7.39 26.63
0.65 0.04 3.3 5.4 0.3 7 6 6.86 23.93
0.75 0.01 2.6 8 0.31 7.2 4 7.2 28.51
0.85 0.01 1.7 14 0.29 6.3 3.9 6.3 25.57
0.9 0.06 3 4.5 0.25 7 4.2 6.67 26.88
0.95 0.06 2.58 4.5 0.232 6.7 3.8 6.48 26.81
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Table 2: The same as Table 1 except for πψ′.
Reactions T/Tc a1 b1 c1 a2 b2 c2 d0
√
sz
π + ψ′ → D+ +X 0 0.013 1.8 8.9 0.44 6.6 3.9 6.6 26.86
0.65 0.209 4 13.1 0.76 9.2 4.7 9.18 32.97
0.75 0.13 3.4 16 0.6 7.3 5.5 7.29 25.4
0.85 0.11 3.4 9 0.4 7.1 5.5 6.92 24.65
0.9 0.067 3.2 6.7 0.3 7 4.5 6.78 26.16
0.95 0.04 2.9 5 0.24 7 3.1 6.78 30.48
π + ψ′ → D0 +X 0 0.03 1.6 15 1.16 6.8 3.8 6.8 27.84
0.65 0.001 0.7 5 1.8 6 6.8 6 20.21
0.75 0.7 4.1 11 3.22 14.4 4.1 14.4 52.08
0.85 0.12 2.9 12.7 1.06 6.3 5.5 6.29 22.35
0.9 0.13 3 7.5 0.81 6.9 4.4 6.82 26.1
0.95 0.13 3 4 0.61 6.9 3.9 6.54 27.14
π + ψ′ → D+s +X 0 0.012 2.2 8.4 0.27 5.9 3.8 5.9 24.84
0.65 0.27 3.9 17 0.42 9 4.5 8.99 32.99
0.75 0.15 3.3 27 0.34 6 6.7 5.98 20.3
0.85 0.1 3.2 20 0.249 6 6.7 5.95 20.18
0.9 0.071 3.2 14.5 0.175 6 6.2 5.8 20.6
0.95 0.06 3.1 8.7 0.13 6.3 4.9 5.7 23.08
π + ψ′ → D∗+ +X 0 0.009 1.7 12.1 0.52 6.8 4.2 6.8 26.87
0.65 0.4 4.3 18 1.98 14.4 4.4 14.4 50.68
0.75 0.23 3.8 19 0.73 7.8 6 7.78 26.09
0.85 0.116 3.1 15 0.5 6.1 5.9 6.05 21.28
0.9 0.1 2.8 7.4 0.37 6 5.9 5.83 20.81
0.95 0.12 3.2 4 0.25 7 3.8 5.67 27.55
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Table 3: The same as Table 1 except for πχc.
Reactions T/Tc a1 b1 c1 a2 b2 c2 d0
√
sz
π + χc → D+ +X 0 0.07 3 4.3 0.41 7.6 4.8 7.45 27.8
0.65 0.03 3.4 14 0.53 7.2 4.2 7.19 27.95
0.75 0.11 3.8 9.6 0.5 7.7 4.4 7.48 28.92
0.85 0.12 3.4 7.8 0.39 6.8 6.6 6.51 22.27
0.9 0.1 3.5 5.7 0.29 7.3 5.2 6.75 25.54
0.95 0.1 3.7 4 0.25 9.6 3 8.59 40.94
π + χc → D0 +X 0 0.06 2.3 5 1.04 7.2 3.8 7.19 29.22
0.65 0.14 4 9 1.39 7.9 4 7.76 30.85
0.75 0.42 4.1 8.6 1.58 10.1 3.9 10.02 38.6
0.85 0.2 3.2 8.7 1.05 6.7 5.6 6.59 23.35
0.9 0.25 3.6 5.9 0.81 8 4.4 7.56 29.57
0.95 0.12 3 4 0.64 6.8 3.7 6.46 27.41
π + χc → D+s +X 0 0.04 2.6 5.2 0.25 6.5 4.3 6.4 25.59
0.65 0.1 4.1 7 0.27 6.5 4.5 5.52 24.64
0.75 0.11 3.5 15 0.3 6.3 5.1 5.89 23.16
0.85 0.13 3.4 13.3 0.23 6.3 7.5 5.88 20.2
0.9 0.11 3.4 11.3 0.17 6.4 8.3 5.82 19.7
0.95 0.065 3 9.9 0.14 6.1 5.6 5.78 21.42
π + χc → D∗+ +X 0 0.03 2.6 6.1 0.49 7.2 4.5 7.19 27.42
0.65 0.13 4.4 10.8 0.6 7.8 4.6 7.29 28.87
0.75 0.2 4.1 12 0.62 8.1 4.8 7.85 29.26
0.85 0.21 3.5 9 0.47 6.7 7.5 6.25 21.12
0.9 0.11 3.1 7 0.36 6.6 4.6 6.26 24.66
0.95 0.13 3.2 4 0.27 7.5 3.7 6.22 29.69
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Table 4: Ratio of the difference of the cross sections for π + ψ′ → Hc + X and for
π + χc → Hc +X to the cross section for π + ψ′ → Hc +X at
√
s = 9 GeV.
T/Tc = 0.65 T/Tc = 0.75 T/Tc = 0.85 T/Tc = 0.9 T/Tc = 0.95
D+ +X 0.219 0.102 -0.0048 -0.0144 -0.047
D0 +X 0.212 0.103 0.002 -0.014 -0.042
D+s +X 0.241 0.107 -0.0063 -0.0183 -0.045
D∗+ +X 0.217 0.108 -0.0103 -0.0136 -0.045
D∗0 +X 0.217 0.108 -0.0103 -0.0136 -0.045
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